INTRODUCTION 1 0 0 self-sustaining (i.e., naturalized) populations in at least 17 countries (Herbert et al., 2016) . In Canada, Pacific 1 0 1 oyster was introduced repeatedly in the early 1910s until the 1960s to supplement the declining Olympia oyster 1 0 2
Ostrea conchaphila fishery (Guo, 2009 ). In France, Pacific oyster was introduced in the 1970s using broodstock 1 0 3 (i.e., adult individuals) from British Columbia (BC) and spat (i.e., juveniles attached to substrate) from Japan 1 0 4 (Grizel & Heral, 1991) . Translocations have therefore resulted in many naturalized populations in coastal BC and 1 0 5
Europe (e.g., France, Denmark) (Herbert et al., 2016; Anglès d'Auriac et al., 2017; Reise et al., 2017) .
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Population genetic analyses to date have not found evidence for bottlenecks during Pacific oyster 1 0 7 introductions in BC or France (Sun & Hedgecock, 2017; Vendrami et al., 2018) . Very low genetic differentiation 1 0 8 between translocated naturalized populations and Japanese populations has been observed (Vendrami et al., 2018) .
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In regions that have been recently colonized with rapid expansion of oyster populations, such as the Wadden Sea 1 1 0 of Denmark, lower genetic diversity is observed (Vendrami et al., 2018) . In the North East Pacific ocean (e.g. BC 1 1 1 and Washington State, USA), low population differentiation was observed using 52 coding SNP markers (Sun & 1 1 2 Hedgecock, 2017) . This study also identified higher temporal variation than spatial variation, providing evidence 1 1 3 for sweepstakes reproductive success (Sun & Hedgecock, 2017) . It is not clear whether using a higher density of 1 1 4 markers, including non-coding loci, will provide improved resolution of population structure in coastal BC.
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Here we address three important aspects of the population genetics of Pacific oyster. First, we examine the 1 1 6 genetic diversity and differentiation of oysters within BC by characterizing four naturalized populations, including 1 1 7 two collections occurring across multiple brood years. Wild/naturalized oysters from Japan, France, and China al. (2018) genomes assuming that the assembly was 93% and 47% complete, respectively (see code in Data 1 7 7 Accessibility). The number of markers was calculated based on the 100% assembly expansion (i.e., a complete 1 7 8 genome size of 600 Mb). In a 96 well plate, 10 µl of 20 ng/ul DNA per individual was fragmented using the high-fidelity enzymes NsiI / 1 8 2 MspI (NEB) combined in a double digest, then ligated via sticky ends to a unique forward adapter and a common 1 8 3 Y-adapter specific to the Ion Torrent Proton (Thermo Fisher) following previously published procedures (Mascher 1 8 4 et al., 2013) , using barcodes and size-selection adaptation as described previously (Recknagel et al., 2015) . The 1 8 5 entire ddRAD-seq protocol is provided on protocols.io (see Data Availability). In brief, genomic DNA was 1 8 6 digested and ligated to barcodes, then 5 µl of each sample was multiplexed into libraries of between 24 and 48 1 8 7 samples, purified using PCR clean-up columns (QIAGEN), size-selected for a size range of 250-300 bp on a 1 8 8 ROS, GUR, QDC, and RSC, respectively (Additional File S1). Further, score plots within pcadapt were used to 2 7 1 identify which PCs separated the samples based on the HAT-F/HAT vs. NAT comparison (Additional File S2). As 2 7 2 such, outliers that were significant, as determined by get.pc of pcadapt, due to the following PCs were retained: 2 7 3 DPB =PC1,3; ROS = PC1,3; 1,2,3,4; GUR = PC1; QDC = 1,2,3,4; and RSC = PC1. Outlier p-values were 2 7 4 generated, and false discovery rates controlled using qvalue (Storey & Tibshirani, 2003; Storey et al., 2019) .
7 5
Markers with q < 0.01 for the PCs described above were considered significant. Second, BayeScan v2.1 with a 2 7 6 prior odds of 100 (Foll & Gaggiotti, 2008) was also used to identify outliers in these contrasts. Third, a 2 7 7
Redundancy Analysis (RDA) was conducted using the HAT-F/HAT and NAT collections in Table 2 combined by 2 7 8 source type (HAT-F/HAT vs. NAT) as a multi-locus genotype-environment association (GEA) using vegan v2.5-5 2 7 9 (Oksanen et al., 2019) . RDA, an analog of multivariate linear regression analysis, used the multi-locus genotype 2 8 0 data per individual as a dependent variable, and grouping (HAT-F or NAT) as the explanatory variable. The 2 8 1 function rda was used to compute RDA on the model separating samples based on the grouping factor (e.g., 2 8 2 Laporte et al., 2016 ). An analysis of variance (ANOVA; 1,000 permutations) was performed to determine the 2 8 3 significance of the RDAs, and the percentage of variance explained (PVE) was calculated using RsquareAdj in the 2 8 4 vegan package. The identification of outliers was conducted using instructions as per previous work and online 2 8 5 tutorials (Forester et al., 2018; Forester, 2019) , considering outliers as the markers with loading values greater than 2 8 6 3.5 standard deviations of the mean. The fourth approach taken used per locus F ST , and identified markers in the 2 8 7 top 99 th percentile of the F ST distribution and considered these as potential outliers.
8 8
Outliers significant using both RDA and pcadapt, or outliers that show significance for any two statistical 2 8 9 tests and are observed in multiple comparisons were considered as top outliers and investigated further. These top 2 9 0 outliers were used to search against the reference genome to determine whether the they were within or near 2 9 1 predicted genes. The annotation from NCBI, NCBI_annot_rel_101_2017-02-02 from the Zhang et al. (2012) 2 9 2 genome was principally used, and genes containing the outlier (e.g., in introns or exons), or those within 2 9 3 approximately 10 kb of the outlier position were recorded. The 10 kb distance was used given the rapid decay of To identify markers that changed significantly in allele frequency following transplantation from naturalized 2 9 8 populations onto farms, a pairwise comparison was conducted between NAT and NAT-F oysters for populations 2 9 9 in BC, China and France. The comparison was between a nearby, naturalized population and the transplanted farm 3 0 0 population (i.e., FRA vs. FRAF; CHN vs. CHNF; PEN vs. PENF; see bottom of Table 2 ). Outliers were identified 3 0 1 using the same approach as above (i.e., pcadapt, BayeScan, RDA, 99 th percentile F ST ). However, scree plots did 3 0 2 not indicate a plateau (Additional File S1), suggesting that no PCs explained a majority of the variation, and so In total, 182 naturalized/wild individuals (NAT) were genotyped, including adult individuals from coasts of 3 2 1 Vancouver Island, British Columbia (BC; n = 122), France (FRA n = 23), China (CHN; n = 24), and Japan (JPN; n 3 2 2 = 13; Table 1; Figure 1A ). For naturalized oysters transplanted to a farm (NAT-F), 72 oysters were genotyped, 3 2 3 with parallel comparisons in Canada, France, and China (n = 24 for each), to compare to expected source 3 2 4 populations. Finally, 112 hatchery-origin oysters grown on a farm (HAT-F or HAT) were genotyped (Table 1) .
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On average, samples had a total of 2.17 M reads (min = 1.01 M; median = 2.06 M; max = 6.17 M). then filtered for missing data by only retaining markers that were genotyped in at least 70% of the individuals per 3 3 0 population in all populations, that had a minor allele frequency (global MAF > 0.01), and that were not out of 3 3 1 HWE equilibrium in more than two populations (p ≤ 0.01). This resulted in a total of 81,443 SNPs found in 17,084 1 1 above), a total of 16,942 markers were retained. These 16,942 markers comprised 1,532,384 bp of total sequence, 3 3 4
and thus represent 0.255% of the expected 600 Mbp Pacific oyster genome.
5
Filtered loci were subsequently aligned to the chromosome-level reference genome (Gagnaire et al., 2018) 3 3 6
for the purpose of plotting outlier statistics (see below), indicating that loci occurred throughout the genome 3 3 7 (Table 3) (Table 4A ). On the mainland, very low differentiation was observed between Pendrell Sound 3 4 6 (PEN) and Serpentine River (SER) (F ST 95% CI = 0.0017-0.0033; Table 4A ; Table S1A for average F ST ).
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Moreover, no differentiation was observed (i.e., F ST = 0 could not be rejected) between PEN and Pipestem Inlet 3 4 8
(PIP), even though they are on opposite sides of Vancouver Island. The largest difference in these naturalized BC 3 4 9
collections was observed between the two most geographically distant sites by water of those sites sampled in BC, genotypic distributions of these locations ( Figure 1B ).
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To evaluate the relative impacts of temporal and spatial effects on population signatures in these BC 3 5 4
collections, multiple size classes that were assumed to be different brood years were obtained for HIS and PEN, 3 5 5 the most divergent populations. Small (size class = 2), medium (size class = 3), and large (size class = 6) oysters 1 2
In contrast, wild Pacific oysters from China were more divergent from the JPN-CDN-FRA lineage (F ST 3 7 0 95% CI: PEN-CHN = 0.0179-0.0229; FRA-CHN=0.0168-0.0218; JPN-CHN = 0.0211-0.0272; Table 4C ). The 3 7 1 CHN population was found to be more similar to the CHN hatchery populations (i.e., RSC, QDC; DAPC in Figure   3 7 2 2B). For comparison, F ST between BC and China is ~8-fold higher than the most divergent of the BC populations.
3 7 3 3 7 4
Divergence between naturalized and hatchery-farmed oysters 3 7 5
The most genetically distinct oyster populations in this study were consistently hatchery propagated (HAT/HAT-3 7 6 F). In general, to understand this divergence, HAT/HAT-F oysters were compared to their closest wild/naturalized 3 7 7
(NAT) populations in terms of physical distance (Table 2 ).
7 8
In BC, the least divergent HAT-F population was ROS (PEN-ROS F ST = 0.0075-0.0096), with a level of 3 7 9 differentiation slightly higher than that observed between PEN and JPN ( Figure 2B ). GUR was more distinct 
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To identify private alleles by group, similar populations were grouped together to be analyzed, producing 3 8 5
collections BC, DPB, ROS, GUR, RSC, QDC, CHN, FRA, JPN (Table 5A ). FRA and JPN were included, but 3 8 6 private alleles were not expected given the lack of differentiation observed between BC and these collections and 3 8 7
the much higher sample size in the BC grouping. In the BC meta-population, 38 private alleles were found. Even 3 8 8
with lower sample sizes, HAT/HAT-F populations had private alleles, with DPB having the most in the 3 8 9
comparison (n = 49), followed by QDC (n = 17), and GUR (n = 11). Other HAT-F populations, such as ROS and 3 9 0 RSC did not have significantly more than zero private alleles (n < 2).
9 1
Farmed oysters in China were distinct from those in the France/UK and Canada (see DAPC in Figure 2B ).
9 2
However, the farms were not highly different from the presumed wild collection in China (FST 95% CI: CHN-3 9 3 RSC = 0.0074-0.0100; CHN-QDC = 0.0181-0.0212; Table 2 ). RSC and CHN therefore had a similar level of 3 9 4 differentiation as ROS from PEN in Canada, and QDC and CHN was slightly less divergent than the GUR-FRA 3 9 5 comparison in Europe ( Table 2) . The most distinct population altogether from nearby naturalized oysters was 3 9 6 therefore the DPB population ( Figure 2B ; Table 5A ).
9 7
In agreement with F ST and DAPC analyses, a Principal Components Analysis (PCA) indicates that the 3 9 8 majority of the variation in the genotypic data (single SNP per locus, all RAD-loci) is explained by PC1-3, 3 9 9
although the percent variation explained (PVE) was low ( Figure S1C ). Most samples clustered tightly in the center, 4 0 0
and DPB and CHN separated on either side of PC1 ( Figure S1A ) and GUR separated on PC3 ( Figure S1B ). Many Genetic diversity as measured by nucleotide diversity (π) was lowest in the DPB HAT-F population, whereas all 4 0 7
other collections had similar median π ( Figure S3 ). JPN was not retained in this analysis because of its lower 4 0 8 sample size (n = 13) and the effect of sample size on π . Lower π in DPB was not associated with elevated within 4 0 9 population inbreeding (F IS ); in fact, DPB had the lowest F IS observed in the study ( Figure 3A ). The population 4 1 0
with the highest inbreeding coefficient was CHN, but this was only significantly higher than the inbreeding 4 1 1 coefficient of DPB, ROS, FRAF, GUR populations ( Figure 3A) . Similarly, several of the HAT/HAT-F collections 4 1 2 had the lowest percentage of polymorphic sites, with DPB and GUR having 0.94% and 1.13%, respectively, 4 1 3 compared to an average of 1.43% for the other populations (+/-0.10%) ( and the inferred inbreeding coefficient, which was not observed ( Figure S4 ).
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Comparing different loci, per locus nucleotide diversity was highly correlated across populations, with 4 1 7 some loci showing consistently high or low π in multiple populations, even outside of the JPN-CDN-FRA lineage 4 1 8
(e.g., within CHN; Figure S5 ). The least correlated populations with the BC wild population were DPB and GUR 4 1 9
( Figure S5 ).
2 0
While some hatcheries attempt to cross distantly related individuals (leading to low F IS ), the resulting 4 2 1 oyster offspring grown together on a farm tend to be comprised of highly related individuals, due to family 4 2 2 structure (Figure 4 ). The highest relatedness was observed in DPB ( Fig 3B) . The other HAT-F were not the NAT populations, although not as high as the more divergent HAT/HAT-F populations (Figure 4) . In contrast,
4
Top outliers were identified as those that had the strongest evidence per comparison (i.e., significant for CLocus_704500. These were identified with strong evidence and consistent observations in RSC and GUR, QDC 4 4 5
and RSC, and QDC and DPB, respectively. CLocus_104468 was found to be in an intron of fibrocystin-L, 4 4 6
CLocus_625182 was found to be in an intron of prion-like-(Q/N-rich) domain bearing protein 25, and 4 4 7
CLocus_704500 was not near any genes. Interestingly, both CLocus_104468 and CLocus_625182, significant for 4 4 8
all three outlier approaches for RSC and QDC, respectively, were found on chrD, at position 32,708,807 bp and 4 4 9 9,881,897 bp, respectively. Although the functions of these genes are not particularly known to be related to 4 5 0 domestication or to be well characterized at all, these loci were the strongest domestication candidates in the study.
5 1
An additional 10 outliers were found with the two strong evidence approaches (see Additional File S3), and an Signatures of wild-to-farm movement selection 4 5 8
Signatures of selection were investigated in oysters moved from naturalized populations onto farms (NAT-F).
5 9
Three parallel comparisons were made from farms and source populations in Canada, France, and China. As Table 2 ).
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Outlier loci were not identifiable for these comparisons with pcadapt because scree plots did not indicate 4 6 3
any PCs explaining significant proportions of the variation (Additional File S1). RDA found a total of 175 outliers 4 6 4 between NAT and NAT-F samples ( Figure S7 ), and these markers were able to differentiate NAT and NAT-F 4 6 5 populations ( Figure S8 ). BayeScan did not find any outliers. To characterize markers putatively under parallel 4 6 6 selection in multiple regions, per locus F ST values were compared among regions ( Figure S9 ). In this way, several 4 6 7 markers were found to have F ST values greater than the 99 th percentile in pairs of comparisons. However, the 4 6 8 amount of parallelism was low, as observed by the lack of markers with high F ST in both comparisons ( Figure S9 ).
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Two markers were found to be consistent outliers, CLocus_24819 (unknown chromosome) found by RDA and 
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Given the weak differentiation around Vancouver Island, crosses involving oysters sourced from different 5 0 6
locations may not confer heterosis (Hedgecock & Davis, 2007) . The slight differentiation between Hisnit Inlet and 5 0 7
Pendrell Sound could potentially provide this benefit, but without conducting trials of genetically similar or 5 0 8 divergent crosses exposed to a variety of environments and perturbations, it is not possible to know if this could 5 0 9
have a heterosis effect. By contrast, crossing oysters from Pendrell Sound and Pipestem Inlet would not seem 5 1 0 worthwhile given the lack of any differentiation between these two areas. differentiation between different life stages was observed at one site but not at another (Lehnert et al., 2018) .
1 9
Higher sample sizes for different locations and brood years for a range of locations would better characterize 5 2 0
whether time or space has a larger impact on genetic structure in Pacific oyster. However, any differentiation 5 2 1 across years is likely to be minor, given the very low differentiation observed even between continents along the 5 2 2 translocation lineage. Heral, 1991). In contrast, transplantations from Japan to Canada probably stopped in the 1950s (Quayle, 1988) .
3 1
The differentiation among Japan, France and Canada reflects the translocation history and time since introduction,
3 2
where France is similar to both BC and Japan, and BC is more genetically distant from Japan than BC is from 5 3 3
France (Figure 2) .
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Relative to oysters from Canada, France, and Japan, oysters from China were more genetically distinct to determine whether the outliers identified were under selection on the farms or hatchery, or whether they have 5 4 8
relaxed selection from what they would be exposed to in nature. In any case, outliers identified are under 5 4 9 differential selection in nature from in farms, and therefore inform on the different conditions and pressures in diversity than others (i.e., lower F IT ) are less likely to survive perturbations, or whether they have in fact 5 7 1 underwent more selection and may be thus more fit for local conditions. These questions are will be important to 5 7 2 address in future work.
7 3
The reduced inbreeding coefficient F IS in DPB (and higher heterozygosity) probably reflects the practice within their cohort, they would have overall reduced nucleotide diversity and thus less chance of carrying 5 8 0 beneficial alleles for subsequent adaptation. Further, if they introgress into naturalized populations, they would 5 8 1 bring this reduced genetic diversity. The amount of introgression from hatchery populations that are highly 5 8 2 divergent from naturalized populations is worth further investigation. However, whether this is of concern is largely uncharacterized. Sources of selection on farms include more crowding and different substrate conditions 6 4 0 (e.g. oyster shell substrate held in mesh bags). Alternatively, the outliers may reflect selection in the oysters that 6 4 1 remained in the naturalized populations, with relaxed selection in farmed oysters. The lack of genome-wide 6 4 2 differentiation between the naturalized and the transplanted populations indicates that sampling of the naturalized 6 4 3 population to be moved onto the farm did not impose a bottleneck or founder effect, and that specific families are 6 4 4 not greatly enriched on the farm during the transplantation. Given that mesh bags of naturally set oysters are 6 4 5 moved onto farms, and that these were sampled in the present study, suggests that oysters naturally settling near 6 4 6 one another are not highly related. This is also reflected by the lack of family structure in the NAT-F populations 6 4 7
relative to that viewed in the HAT/HAT-F populations by shared microhaplotype approaches. One caveat to our 6 4 8 results is that the outliers detected may reflect the non-random sampling performed during transplantation (e.g.,
Supplemental
Materials 6 9 8 Table S1 . Mean genetic differentiation (F ST ) shown between pairs of populations for (A) populations in BC; and 6 9 9 (B) populations in BC separated by size class; and (C) global populations. 7 0 0 hatchery not yet transplanted to farm; * = transplant from Pendrell Sound 9 4 5 9 4 6 Table 2 . Outlier overview, including values for both the domestication and on-farm selection comparisons.
4 7
Outliers were identified per grouping by RDA (single value per grouping comparison; > 3.5x SD of the mean), 9 4 8 and per contrast by pcadapt. (q < 0.01). Outliers in the 99 th percentile of the F ST per contrast were also identified. 9 4 9 F ST lower limits that overlapped with 0 resulted in the entire interval and average being transformed to 0. The 9 5 0 number of outliers per contrast that were detected by at least two methods were enumerated per contrast 9 5 1 ('Common outliers'). Note: this includes all outliers, including those that do not align to the chromosome-level 9 5 2 assembly. analysis indicates the similarity among BC populations, Japan, and France (peaks between 0-4 along discrimin 1 0 0 3 function), among the Chinese populations (peaks between -4 to -10), and the distinct GUR (peak at 5) and DPB 1 0 0 4 populations (peak at 9). sample size on these statistics. Increased shading reflects increased relatedness between individuals. compared alongside each contrast is the most geographically proximal population (see Table 2 ). Vertical grey 
